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Many factors are presently known which determine the risk of calcium
oxalate (CaOx) stone formation in the kidney, although the early events in
the pathogenesis of this disease are still to be elucidated. One of these
early events is the interaction of intraluminal crystals with the epithelial
cells lining the renal tubules. In this study we determined the interaction
of approximately 2 jrm calcium oxalate monohydrate (COM) crystals with
monolayers of Madin-Darby canine kidney (MDCK) cells grown on
porous supports in a two-compartment culture system. Crystal-cell inter-
action studies were performed after the monolayers reached their highest
level of y-glutamyltranspeptidase (yGT) enzyme activity, a marker for
brush border development. Technical aspects were evaluated, such as the
size and morphology of the crystals and the influence of incubation time,
temperature and pH on crystal-cell interaction. Kinetic data demonstrated
that an equilibrium between free and associated particles was reached
within 30 minutes. Crystal-cell interaction was often associated with cell
damage. However, evidence is provided that in an environment that was
saturated with calcium oxalate, MDCK cells were capable to interact with
a certain amount of COM crystals without sustaining measurable injury.
After initial attachment to the cell surface, crystals were taken up and
subsequently eliminated again from the monolayers. The model system
described in this paper provides a tool for detailed studies of processes
that are involved in renal cellular handling of luminal COM crystals.
The association of crystals with renal tubular cells is considered
a potential factor in the process of renal stone formation [1—31.
The mechanisms of crystal-cell interaction, however, are not yet
well understood. The most common crystalline material in kidney
stones is CaOx [1, 3—5]. In a number of experimental systems
exposure to CaOx crystals induced various types of cellular
responses. It has been shown that CaOx crystals induced lysis of
red blood cells [4, 61, secretion of PGE2 and collagenase by
synovial fibroblasts [7], and enzyme release from rabbit polymor-
phonuclear leukocytes [8, 9]. The damaging effect of CaOx
crystals to the membranes of human erythrocytes was concentra-
tion dependent [6], Granulocyte-mediated damage of endothelial
cells, caused by urate and CaOx crystals, has been used as a model
for vascular disease in gout and oxalosis [10]. Phagocytosis of
hydroxyapatite and CaOx crystals resulted in the generation of
superoxide anions in cultured endothelial cells [11].
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A number of techniques has been described to study the
interaction between crystals and cultured renal cells. Emmerson
et al used scanning and transmission electron microscopy to
characterize the morphological aspects of urate crystal interaction
with MDCK cells [12, 13]. A more quantitative approach has been
described by Lieske and Toback, who demonstrated CaOx crystal
endocytosis and subsequent induction of proliferation in BSC-1
and MDCK cells [5]. The interaction between CaOx crystals and
primary cultures of rat inner medullary collecting duct (IMCD)
cells has been investigated by phase-contrast microscopy [14],
light microscopy [15] and by the use of radioactively-labeled
calcium oxalate crystals [16, 17]. A mathematical model to
describe the complex process of crystal-cell interaction has been
developed by Mandel and Riese et al [16, 18, 19].
The present study describes the association of CaOx crystals
with MDCK cells. These cells were selected because they exhibit
many of the characteristics of collecting duct epithelium [20], a
segment in the nephron that could be one of the primary sites for
crystal fixation [16]. The size and morphology of preformed
crystals and assay conditions are described in detail. Saturation
kinetics of crystal-cell interaction are studied and evaluated.
Furthermore, it is demonstrated that a calcium oxalate saturated
environment with or without COM crystals is not necessarily
damaging to renal tubular cells.
Methods
Cell culture
MDCK cells [21] were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA) and used
between passage numbers 30 and 50. The cells were cultured in
Dulbecco's modified MEM supplemented with 10% fetal calf
serum, 20 mrs HEPES, 2 mM L-glutamine, 100 lU/mi penicillin
and 100 g/m1 streptomycin. The medium was refreshed every two
days. The cells were routinely grown in plastic tissue culture flasks
(Costar, Badhoevedorp, The Netherlands) at 37°C in a humidified
atmosphere of 5% CO2 in air. Subculturing was performed weekly
with 0.05% trypsin/0.02% EDTA (GIBCO-BRL, UK). To obtain
monolayers that express a high level of differentiation, crystal-cell
interaction studies were performed with monolayers cultured on a
porous surface [22] in a two compartment culture system (24 mm
Transwells, 0.4 jim pore size, Costar, Badhoevedorp, The Neth-
erlands). The medium volumes were 2600 il in the basal and 1500
p.l in the apical compartment. Cells were seeded at a density of 1
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x 106 cellslTranswell and the monolayers were allowed to matu-
rate for eight days prior to performance of crystal-cell interaction
studies. To determine the total number of cells, the monolayers
were treated with 0.05% trypsinl0.02% EDTA and the cells were
counted in a hemocytometer.
Preparation of CaOx crystal suspensions
A solution of radioactive sodium oxalate was prepared by
adding 1 ml 0.01 mCi/mi (0.37 MBq/ml) [4C]oxalic acid (4.03
GBq/mmol, Amersham International plc., Buckinghamshire, UK)
to 0.5 ml 200 m sodium oxalate. A calcium chloride solution was
prepared by adding 0.5 ml 200 mM calcium chloride to 8 ml
aquadest. After mixing the two solutions at room temperature,
resulting in a final concentration of 10 m for both calcium and
oxalate, 14CJ-1abe1ed CaOx crystals were formed immediately.
The crystal suspension was allowed to equilibrate for three days.
The crystals were then washed three times with (sodium and
chloride-free) CaOx saturated water, resuspended and stored in 5
ml of this solution. The radioactive crystal suspension contained
2.92 mg CaOx crystals/mi.
X-ray diffraction
Crystal composition identification was performed by X-ray
diffraction, using an X-ray generator PW 1729/00 connected to an
Integrator/Interface PW 1842 (Philips).
Crystal size and number distribution
Size and number of the crystals were measured at various times
after their preparation in a Coulter Multisizer (Coulter Electronic
Ltd, Luton, UK). For each measurement a volume of 100 tl
crystal suspension was added to 100 ml, 0.22 tm Millipore filtered
CaOx saturated 0.9% sodium chloride. Crystal size and number
distribution were determined in 500 l sample volumes using a 70
tm orifice tube.
Scanning electron microscopy (SEM)
To perform scanning electron microscopy, the crystals or cells
cultured on porous supports were fixed in 2.5% glutaraidehyde in
0.15 M cacodylate buffer for four hours. After washing in 0.1 M
cacodylate buffer for three hours, the samples were postfixed in
0504 in 0.1 M cacodylate buffer for four hours, washed again in
cacodylate buffer for three hours, dehydrated in graded series of
ethanol and finally critical point dried. After mounting on stubs a
conductive layer was sputtercoated on the samples and examined
in a Philips SEM 525.
Transmission electron microscopy (TEM)
Cells were fixed with 1.5 wt% glutaraldehyde in a 0.1 M
cacodylate/HCI buffer pH 7.4 for 30 minutes. at 4°C, and postfixed
with 1 wt% 0s04 in cacodylate/HC1 buffer to which K4Fe(CN)6
3H20 was added to a final concentration of 0.05 M, for 30 minutes
at room temperature. After several washing steps, the cells were
dehydrated in ethanol series and embedded in Epon. Unstained
ultrathin sections were obtained. These sections were observed in
a Zeiss EM 902 transmission electron microscope (Zeiss,
Oberkochen, Germany), operating at 80 kV. Analogue micro-
graphs were obtained on Gevaert Scientia sheet film (Gevaert,
Antwerpen, Belgium), developed in D19b (1:2 diluted) for four
minutes at room temperature.
Crystal-cell interaction studies
Crystal-cell interaction was studied in a CaOx saturated buffer
(buffer B) that was prepared by the addition an excess COM
crystals (3 mg/ml), to a buffer (pH 6.7) containing (in mM): 118
NaC1, 5.3 KC1, 1.8 CaC12, 6.6 NaHCO3, 1.3 MgSO4, 2.0 NaH2PO4,
and 20 HEPES. The cells were washed and preincubated with
serum-free DMEM, 20 mrvi HEPES, 2 mivi L-glutamine, 100 IU/ml
penicillin, and 100 jig/mi streptomycin added to both compart-
ments. After one hour, filtered buffer B (0.45 jim) was added to
the apical compartment and fresh serum-free DMEM to the basal
compartment. Subsequently, 50 jil of the crystal suspension (146
jig), prepared as described above, was distributed homogeneously
on top of the cells. After an incubation period of 60 minutes, the
monolayers were rinsed in three successive buffer B baths, to
remove non-associated crystals. The filter inserts were cut out
with a scalpel and transferred to a scintillation vial. To extract
radioactivity, 1 ml 1 M perchloric acid was added and the amount
of radioactivity was counted in a liquid scintillation counter
(Packard, UK). Results were routinely expressed as dpm/filter. In
some experiments the amount of associated crystals was calcu-
lated in jig and the results expressed in jig/cm2.
Determination of cell damage
To study the possible damaging effect of the assay conditions,
three experimental groups were formed: (I) untreated control
cells; (II) cells incubated with buffer B alone; and (III) cells
incubated with COM crystals in buffer B. The apical compart-
ments received (I), (II) or (III), and fresh serum-free DMEM was
added to the basal compartment in all three groups. After a
one-hour incubation period, the medium from the apical com-
partment was collected and centrifuged. The release of the brush
border enzyme y-giutamyl transpeptidase (yGT), and the cytoso-
lic enzyme lactate dehydrogenase (LDH) were measured to reveal
a possible direct damaging effect. The permeability of the tight
junctions was measured using [3H]mannitol and cell viability was
assessed by Trypan blue dye exclusion and the MiT assay. To
reveal a postponed effect of the various treatments, determination
of the same markers was also carried out after an additional
period of 24 hours, during which the cells were maintained in
DMEM supplemented with 10% FCS.
Enzyme determinations
yGT (EC 2.3.2.2) activity was determined spectrophotometri-
cally, using L-y-glutamyl-3-carboxy-4-nitroanilide as substrate and
LDH (EC 1.1.1.27) was assayed with pyruvate as substrate. Cell
monolayers were washed with PBS, scraped in 1 ml 50 mM
Tris-HC1 (pH 7.4) and sonicated for 30 seconds on ice. After
centrifugation for 10 minutes at 2000 g the supernatant was used
to measure yGT activity.
MTT assay
This assay reflects the amount of living metabolically active cells
and is based on the reduction of a tetrazolium salt 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolum bromide (MY!' ob-
tained from Sigma, St. Louis, MO, USA) to a colored formazan
product by mitochondrial enzymes, and is a modification of the
assay described previously [23]. MY!' was added to both compart-
ments (0.5 mg/ml) and the monolayers were incubated for two
hours at 37°C. The medium was carefully removed and 5.0 ml
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Fig. 2. Coulter Multisizer measurements of COM crystals obtained from
varying calcium oxalate concentrations (means SD; N = 4).
buffered dimethylsulfoxide (DMSO) was added to both compart-
ments. The plates were placed in a plate shaker to dissolve the
purple-colored formazan after which the contents from both
compartments were combined. From each group eight duplicate
samples (0.2 ml) were transferred to a 96-well microtiter plate and
the absorbance was read at 570 nm using a Bio-Rad microplate
reader, model 450.
Measurement of epithelial batrier integrity
Monolayers were rinsed and preincubated for 15 minutes with
MOPS-buffer (pH 7.3), containing (in mM): 119 NaC1, 5.3 KC1, 6.6
Na acetate, 0.25 CaC12, 1.3 MgSO4, 2.0 KH2PO4, 6.6 NaHCO3
and 9.2 Na-morpholinopropane sulfonic acid (MOPS). To study
the permeability of mannitol (pMann), D-[3Hlmannitol (0.6 pCi
per Transwell) in a final concentration of 50 p.M was added to the
apical compartment. Tracer-free MOPS-buffer was added to the
basal compartment. The appearance of D43H]mannitol in the
basal compartment and the disappearance from the apical com-
partment was determined by counting radioactivity in 50 p.1
aliquots from both compartments in a liquid-scintillation counter
0, 15, 30 and 60 minutes after the start of incubation. pMann is
expressed in pmol/cm2 . mm [24].
Mathematical model
To analyze crystal-cell interaction further, we adapted the
mathematical approach previously presented by Riese et al [18,
19]. According to these studies, interaction can be described by
the equation: Bd = /3/a X (1-e )< C)) (1), in which Bd represents
crystal mass bound per total cell area and C represents the total
crystal mass delivered per total cell area. The parameters 1/a and
f3 can be calculated from the equation and are suggested to
represent the maximum p.g crystals/binding area (1/a) and the cell
area that can bind crystals/total area (13), respectively.
Statistics
All experiments were performed at least twice. The results are
presented as means sn of three independent filters. Statistical
analysis was performed with ANOVA or Student's t-test. Differ-
ences were considered significant if P < 0.05.
Results
Cell culture
After seeding 1 X 106 cells per 4.52 cm2 Transwells, cultures
reached confluency within three days as observed by phase-
contrast light microscopy. The total cell number, however, con-
tinued to increase to obtain a maximal density of approximately 3
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11 Fig. 1. Growth curve of MDCK cells cultured on24 mm Transwells (A) and the development of
YGT activity in time (B).
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Fig. 3. Particle number and size distribution of
preformed COM ciystals generated from 10 mM
calcium oxalate.
Fig. 4. SEM-image of COM ciystals. Bar = 1
pm.
cell density was accompanied by an increase of yGT. One day
after seeding yGT activity was 3.0 0.4 mU/106 cells and
increased the following days to reach a maximal level of 40.6
mU/10° cells after eight to nine days in culture (Fig. 1B).
Effects of different CaOx concentrations on crystal size
CaOx crystals were prepared as described in the Methods
section, with different concentrations of calcium oxalate and the
size of the formed crystals was measured in a Coulter Counter
Multisizer. At lower concentrations (0.5 to 2 mM) the average
crystal size increased with the concentrations, reaching a maxi-
mum average diameter of 6.9 xm. However, at higher concentra-
tions crystal size steeply declined, reaching a constant level of
about 2 t.tm at concentrations 5 mrvi calcium oxalate (Fig. 2).
For the crystal-cell interaction studies in this paper, final concen-
trations of 10 m were used to prepare CaOx crystals. Crystal
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Fig. 5. SEM-image of COM c,ystals attached to the surface (arrow) of an MDCK monolayer. Bar = 1 m.
suspensions prepared as described above contained approxi-
mately 140 X 106 particles/mi, with an average size of 2.03 0.40
tm (Fig. 3) Crystal size and number did not measurably change
upon storage for several months at room temperature.
Crystal identification
X-ray diffraction analysis demonstrated that the suspension
exclusively consisted of calcium oxalate monohydrate (COM)
crystals. SEM images of these crystals demonstrated the typical
plate-like shape (Fig. 4).
SEM studies
Scanning electron microscopy images showed that after an
incubation period of one hour and subsequent removal of non-
associated crystals, COM crystals were attached to the surface of
MDCK cells. The crystals were not uniformly distributed over the
monolayer, but seemed to cluster at certain locations at the cell
surface (Fig. 5).
TEM studies
The presence of intracellular crystal ghosts was studied with
TEM images 2 and 72 hours after incubating MDCK cells with
COM crystals. Two hours after incubation crystals were located
inside the cells (Fig. 6A). In monolayers cultured for an additional
72 hours following crystal exposure, most of the intracellular
crystals had disappeared (Fig. 6B).
Cellular damage and monolayer integrity after interaction with
crystals
Enzyme release (yGT,LDH), MiT-conversion and epithelial
barrier integrity of the monolayers were measured to assess
possible damaging effects of the assay conditions to MDCK cells.
After a one-hour incubation period, yGT and LDH activities in
the medium from all groups were equally low (Fig. 7) and not
different from enzyme activities in medium from cells cultured
with DMEM + 10% FCS in both compartments. After the
removal of non-associated crystals, the monolayers in all three
groups now received DMEM + 10% FCS and were cultured for
an additional period of time. When measured again 24 hours
later, the activities of both enzymes in the medium of the three
groups were considerably increased. However, no significant
differences were observed between the two treated groups and
untreated controls (Fig. 7), indicating that the observed enzyme
release reflected normal 24-hour turnover. Likewise, with respect
to MTT conversion (Fig. 8A), pMann (Fig. 8B), or Trypan blue
exclusion (Fig. 8C), there were no obvious differences between the
various groups measured after 1 and 24 hours. Taken together,
• a
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0.0003; ANOVA). Incubations performed at 4°C resulted in a
fivefold lower amount of crystals associated with the monolayers
than incubations performed at 37°C (Fig. 10).
Crystal-cell interaction and saturation kinetics
Under all circumstances tested, only a fraction of applied
crystals associated with the cells. When non-associated crystals
were removed and added to another monolayer, the relative
proportion of crystals that associated during this second round of
incubation was nearly identical to the proportion of the original
crystal suspension that was retained during the first round of
incubation. This indicates that selective association based on
crystal properties (for example, size) did not occur. In addition,
we looked at whether stirring of the crystal suspension during the
incubation would increase crystal retention. When crystals were
frequently redistributed over the cell surface during a one hour
incubation period, only a minor (5%) increase was observed.
The kinetics of crystal-cell interaction were studied also by
varying the amount of applied crystals (25 to 500 t.tl crystal
suspension, corresponding to 73 to 1460 g crystals) and incuba-
tion times (0 to 120 mm) Figure 11 shows that at all crystal
dosages tested, saturation was achieved within 30 minutes. The
maximum level of associated crystals never exceeded about 30 to
40% of applied crystals, which suggests that neither the amount of
crystals added, nor the number of potential "binding sites"
appeared to be limiting factors. Further analysis of crystal-cell
interaction kinetics was performed by application of the mathe-
matical model developed by Mandel and Riese et al. A best fit
curve was made by plotting the amount of associated crystals after
a one hour incubation period against the amount of applied
crystals (tg/cm2). Using equation (1), the parameters 1/a and J3
for MDCK cells and COM-crystals were calculated to be 90
tg/cm2 and 0.29, respectively (Fig. 12).
Discussion
Fig. 6. (A) TEM-image of an MDCK monolayer after incubation with COM
crystals for two hours demonstrating intracellular crystals (arrows), and (B)
these monolayers after an additional culture period of 72 hours, illustrating
the elimination of crystals from the monolayer. Bar = 1 m.
these results indicate that an incubation period of one hour with
the CaOx saturated buffer with or without crystals did not affect
the viability of the cells, the total amount of cells nor the integrity
of the monolayers to a measurable extent within 24 hours.
Effect of pH and temperature on crystal-cell interaction
The effect of pH on crystal-cell interaction was studied using
buffer B, adjusted to pH 5.1, 6.3, 7.2 and 8.1, respectively. It was
demonstrated that the highest amount of crystals became associ-
ated with the cells during incubations performed at pH 5.1. At
higher pH values crystal association gradually decreased (Fig. 9).
This pH-dependent decrease was statistically significant (P <
The presence of crystals in urine is one of the prerequisites for
the formation of urinary stones [1, 25, 26]. The reaction of crystals
with tubular epithelial cells could be an initiating mechanism in
renal stone formation [1, 2, 4, 26, 27]. This paper describes the
interaction between CaOx crystals and monolayers of MDCK cells
cultured on permeable supports. After seeding 1 X iO cells/filter
the monolayers were visually confluent in three days. However,
the amount of cells per filter increased to reach the highest cell
density after a culture period of eight to nine days (Fig. 1A). In
parallel the brush border enzyme yGT developed in time and
reached a maximal specific activity after eight to nine days of
culture (Fig. 1B). Similarly, it was reported that in LLC-PK1 cells
yGT activity and Na-dependent hexose transport, a characteris-
tic of the terminally differentiated phenotype, developed in par-
allel with cell density increase {28]. As the renal tubule brush
border is the initial site of crystal-cell contact and yGT activity
reflects development of the brush border in MDCK cells, an
eight-day culture period was considered to create optimal condi-
tions for crystal-cell interaction studies.
Crystals were generated by mixing equal concentrations of
calcium and oxalate and consisted purely of calcium oxalate
monohydrate (COM). The conditions used to prepare the crystals
clearly influenced crystal characteristics, in particular crystal size.
At relatively low concentrations the size of the formed crystals
increased with the concentration possibly due to heterogeneous
Fig. 7. Release of yGT (A) and LDH (B)
enzyme activity into the culture medium after a
one hour treatment with buffer B (hatched bars)
and buffer B including COM ciystals (dotted bars)
compared to untreated controls (LI) measured
after 1 and 24 hours.
Viable Nonviable Viable Nonviable
1 hour 24 hours
Fig. 8. MiT-assay (A), mannitol permeability (B), and Ttypan blue dye exclusion test (C) in MDCK monolayers treated with buffer B (hatched bars) and
buffer B including COM crystals (dotted bars) compared to untreated controls (LI) measured after I and 24 hours.
nucleation or aggregation of crystals. At higher concentrations of
calcium and oxalate (>2.5 mM), smaller crystals were formed of
which the size was less concentration-dependent (Fig. 2). Since
crystal size may well affect their interaction with cells, it is crucial
that crystals are prepared under defined conditions. In our studies
CaOx crystals were generated from 10 m solutions, resulting in
the formation of crystals with an average diameter of about 2 xm
(Fig. 3).
The method used in this study does not allow discrimination
between crystal adherence to the cell surface and cellular uptake
of crystals. Our EM studies, however, demonstrated that associ-
ated crystals are located inside as well as outside the cells (Figs. 5
and 6A). The observation that COM crystals not only bind to
renal tubular cells but are also rapidly endocytosed is in accor-
dance with results obtained by Lieske et al, who described the avid
internalization of COM crystals in the renal epithelial African
green monkey cell line BSC-1 [291 and the presence of apparent
CaOx crystals within tubular epithelial cells of a patient with
primary hyperoxaluria [30]. Cheung and McCarty reported the
intracellular solubilization of calcium-containing crystals by cul-
tured human fibroblasts [31]. An ultrastructural study of experi-
mentally induced microliths in the renal tubules of rats, reported
previously by our group, also demonstrated the presence of crystal
ghosts in the cytoplasm of proximal and distal tubule cells [32] and
their removal from the tubuli towards the interstitium [331. In
order to understand the complex process of crystal-cell interac-
tion, not only cell surface binding and uptake characteristics but
also putative cellular defence mechanisms should be taken into
account. Therefore the fate of endocytosed crystals was studied
morphologically. TEM images showed that initial endocytosed
crystals had disappeared from the monolayers within 72 hours
(Fig. 6 A, B), which suggests the existence of a regulatory
mechanism to eliminate internalized crystals. It is not yet clear
whether (a) crystal-containing cells are eliminated from the
monolayer and replaced by new cells, (b) crystals are dissolved
intracellularly, or (c) these cells are able to eliminate intracellular
crystals by exocytosis. Recently, Lieske et al reported that the
internalization of COM crystals by BSC-1 and MDCK cells is a
regulated event that can be modified by various signals [34]. In
contrast to our results, crystals were still found inside the cells
after two weeks. It should be noted, however, that MDCK cells in
our experiments are cultured on porous surfaces and are allowed
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PT
to maturate, whereas the renal cells in Lieske's studies were
cultured on solid substrates and in some experiments still prolif-
erating. It is conceivable that cellular response to internalized
crystals is determined by the conditions under which these cells
are cultured.
Crystal-cell interaction studied at various pH-values, demon-
strated that at pH 5.1 significantly more crystals were associated
with the cells than at pH 8.1 (Fig. 9). From this observation it
could be speculated that a relatively low pH of the luminal fluid
predisposes renal tubular epithelium for crystal attachment by
altering properties at the cells surface or at the surface of the
crystals. At low temperature (4°C) the amount of associated
crystals was decreased compared to 37°C, indicating that crystal-
cell interaction is an active cellular process (Fig. 10).
Recently, evidence was provided that ionic oxalate could injure
renal tubular cells [35, 36], and also COM crystals can damage
renal tubular epithelium [27, 32, 37]. The possible side-effects of
either the CaOx saturated solution and/or the applied COM-
crystals in our model system were investigated using our standard
experimental conditions. MDCK monolayers treated with the
CaOx saturated buffer with or without crystals demonstrated a
release pattern of cellular enzymes (yGT, LDH) that was not
significantly different from untreated controls. The transepithelial
movement of mannitol (PMa) is a sensitive method to measure
the permeability of the tight junctions and inversely correlates
with transepithelial electrical resistance in MDCK cells [37]. This
method was also used to measure monolayer integrity and suble-
thal injury in primary cultures of mouse proximal tubular cells
[381. To study the integrity of the monolayers after treatment,
pMann was measured and it was demonstrated that the apical-to-
basal flux of [3H]mannitol was unaffected by either treatment (Fig.
8B). Finally, compared to untreated controls, the total amount of
viable cells, estimated by Trypan blue exclusion and MTT-
conversion, was not decreased in either group within 24 hours
(Fig. 8 A, C). Taken together, these results indicate that there is
no measurable damaging effect on MDCK monolayers induced by
either the CaOx saturated solution or by this solution including
COM crystals. Lieske et al also demonstrated that, despite the
presence of intracellular crystals, BSC-1 and MDCK cells prolif-
erated normally and no crystal-induced toxicity was observed [34].
Although cell damage induced by CaOx crystals has been ob-
served in many experimental systems, it is conceivable that certain
cell types such as erythrocytes [4, 6], leukocytes [8, 9] and
endothelial cells [11] are more vulnerable to these crystals than
others. In contrast to the blood, microcrystals are commonly
present in the tubular fluid. This could explain why inflammatory
responses to crystals, as seen in some systems, are not often
observed in the kidney. The fact that the CaOx saturated buffer
used in this study was not toxic to the cells is not surprising, since
damaging effects of oxalic acid to LLC-PK1 cells were reported to
occur at oxalate concentrations  400 .tM [35], whereas the final
concentration of oxalate in our buffer was lower than 50 M.
Crystal-cell interaction was further studied using varying
amounts of crystals, incubated for various incubation times. It was
demonstrated that crystal association with the monolayers
reached saturation after about 30 minutes at all crystal concen-
trations tested. Apparently, a balance was reached between the
amount of associated crystals and the amount of free non-
associated crystals (Fig. 11). When the fraction of non-associated





















Fig. 9. Ciystal-cell interaction in buffer B with va,ying pH-values (means
SD). Statistical significant increase of dpm/monolayer with decreasing pH
(ANOVA, N = 3, P < 0.0003).
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Fig. 10. Crystal-cell interaction in buffer B at 4°C and 37°C. (Statistically
different analyzed with Student's t-test; means SD; N = 3; P < 0.003).
Fig. 11. ['4CJ-COM ciystal interaction with MDCK cells, using varying
amounts of ciystals (25 to 500 ii crystal suspension) and incubated for
varying periods of time (15 to 120 mm). Means from 3 independent
measurements (SD values usually less than 10% of means not shown for
clarity).
Fig. 12. A graphical analysis of concentration-dependent saturation of COM
crystals associated with MDCK cells.
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tion, our data suggest that MDCK cultures have a higher capacity
to associate with COM crystals than IMCD cells. In contrast, the
i/a assumed to reflect the amount of crystals that can interact per
unit binding area was considerably higher in IMCD cells than
MDCK. It cannot be excluded that the COM crystals used by
Mandel and Riese et al had other properties than the crystals
applied in our experiments. However, such an apparent difference
in "binding" affinity could also be caused by different capacities of
the two cell types to endocytose the crystals, a factor that is not
explicitely accounted for in the mathematical approach of Mandel
and Riese et a!.
60 120 In conclusion, the method described in this paper permits the
study of subtle cellular events involved in the interaction of COM
crystals with maturated MDCK monolayers. Evidence is provided
that in an environment that is saturated with calcium oxalate,
these cells are capable to interact with COM crystals without
sustaining measurable injury. Better understanding of the pro-
cesses involved in crystal-cell interaction in renal tubules could
shed some light on the pathophysiology of nephrolithiasis.
associated and non-associated crystals was reached again after
about 30 minutes, excluding a possible selection of crystals on the
basis of their size or other properties (data not shown). Further-
more, redistribution of the fraction of non-associated crystals did
not lead to a significant increase of crystal association (± 5%)
during an additional incubation period of 30 minutes, indicating
that during the first incubation there was no irreversible deposi-
tion of crystals at unfavorable sites.
The fact that crystal-cell interaction does not follow classical
hyperbolic saturation kinetics has already been recognized by
Mandel and Riese et al, who developed a mathematical model to
describe the interaction of crystals with renal tubular cells [16, 18,
19]. In this model, two parameters, 1/a and /3, have been defined
that were considered to reflect characteristics of the crystals and
of the cell cultures, respectively. In primary cultures of IMCD
cells exposed to COM crystals, 1/a was calculated to be 287
jig/cm2 and /3 0.179 [16, 18]. In our study, in which MDCK cells
were exposed to COM crystals, values of 90 jig/cm2 and 0.290
were obtained for 1/a and /3, respectively (Fig. 12). If /3 indeed
represents the fraction of cellular area capable of crystal interac-
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